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Abstract
This study aimed at evaluating the effect of 1 and 4%
titanium tetrafluoride (TiF4) gels, amine fluoride (AmF) 1
and 0.25% and a fluoride varnish (FP) on the prevention
of dental erosion. Two experimental groups served as
controls, one with no pretreatment and another one pre-
treated with a fluoride-free varnish (FP-blanco). Dental
erosion was modelled using bovine enamel samples
submitted to alternate cycles of acid exposure in citric
acid and remineralization in artificial saliva. Calcium loss
of all samples involved in the study was quantified by
atomic absorption spectroscopy and erosion depths
were estimated. Two samples of each experimental
group were also analyzed by white light confocal micros-
copy. The cumulative erosion depth (in Ìm) after 72 min
was: TiF4 gel 1% 8.29 B 0.39; TiF4 gel 4% 8.27 B 0.55;
AmF 1% 8.69 B 0.66; AmF 0.25% 8.86 B 0.33; FP 3.43 B
1.07; FP-blanco 14.86 B 1.59 and control 9.77 B 0.49. A
statistically significant protective effect (p ^ 0.001) was
found only for the group pretreated with the fluoride var-
nish. Within the limitations of an in vitro study it may be
concluded that topical applications of the fluoride var-
nish tested have a protective effect on the prevention of
dental erosion.
Copyright © 2005 S. Karger AG, Basel
Dental erosion is a pathologic, chronic, localized loss
of dental hard tissue that is chemically etched away from
the tooth surface by acid and/or chelation without bacte-
rial involvement [Imfeld, 1996a]. Frequent consumption
of acid-containing foods is an important etiologic factor of
this condition, with fruit acids and phosphoric acid con-
tained in fresh fruits, fruit juices and soft drinks being the
most commonly consumed erosive acids [Zero, 1996].
Changes in lifestyle and dietary habits contributed to an
increase of acid challenges to the dentition [ten Cate and
Imfeld, 1996], making erosion a pathologic condition of
special interest in contemporary dental research.
The pathology of dental erosion involves superficial
demineralization of dental hard tissues [Meurman and
ten Cate, 1996]. Since etching of enamel increases the sur-
face-reactive area, and topically applied fluoride accumu-
lates in demineralized lesions, the use of topical fluoride
seems appropriate in the prevention of dental erosion
[Imfeld, 1996b]. Although scientific evidence for the pro-
tective effect of fluoride on dental erosion is still lacking
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[Meurman and ten Cate, 1996], some in vitro studies [At-
tin et al., 1998, 1999; van Rijkom et al., 2003] have
reported a significant reduction of the erosion and abra-
sion of eroded enamel and dentin after application of top-
ical fluoride agents. These results suggest the need for fur-
ther research into the mechanism of action of fluoride
products in the prevention of dental erosion. We hypothe-
sized that the key for the possible success of some of these
products in erosion prevention lies in the fact that they
interact with tooth tissues, both chemically and physi-
cally. Therefore, in this study fluoride products were
selected which are believed to combine those characteris-
tics. Titanium tetrafluoride (TiF4) has been shown to
reduce artificial caries lesion formation and enamel solu-
bility and enables high fluoride uptake [Büyükyilmaz et
al., 1997a; Tezel et al., 2002]. At low pH Ti should have a
tendency to bind with oxygen atoms in phosphate groups
on the tooth surface (phosphate-bound oxygen) resulting
in the production of a titanium dioxide glaze [Büyükyil-
maz et al., 1997b]. The high fluoride uptake reduces the
solubility of enamel and the titanium dioxide glaze pro-
tects the enamel from acid attacks [Gu et al., 1996]. van
Rijkom et al. [2003] reported a significant erosion-inhib-
iting effect of TiF4 4% compared to 1% neutral NaF gel.
Amine fluorides (AmFs) act like surfactants, forming a
homogeneous film on all oral surfaces [GABA, 2003]. The
molecules adsorb readily to hydroxyapatite [Busscher et
al., 1988] and their slightly acidic pH promotes the forma-
tion of calcium fluoride giving them caries-inhibiting
properties [GABA, 2003]. Fluoride varnishes provide
long contact periods between the dental tissues and the
fluoride agent resulting in high fluoride uptake and the
formation of calcium fluoride deposits that act as fluoride
reservoirs [Arends and Schuthof, 1975; Grobler et al.,
1983; de Bruyn, 1987; Petersson, 1993]. Besides its effect
on de- and remineralization, we hypothesized that the
films formed at the application of these products may act
as a mechanical barrier against acid challenges.
The purpose of this study was to investigate in vitro the




TiF4 gels 1% (pH 2.5) and 4% (pH 3.2) were prepared from titan-
ium (IV) fluoride (Aldrich Chemical Co., USA), carboxymethyl cel-
lulose (akucell AC 2801, Enka-Akzo, Arnhem, The Netherlands) and
distilled water. The AmF-containing agents used were: Elmex® fluid
and Elmex medical (both from GABA BV). Elmex fluid is an
aqueous solution containing 1% AmF in the form of Olaflur and Dec-
taflur. Elmex medical contains a total of 12,500 ppm F–, 0.25% in
the form of the AmFs Olaflur and Dectaflur, and 1% in the form of
sodium fluoride. The varnishes used were Fluor Protector®, a polyur-
ethane-based varnish containing fluoride (0.1%) in the form of
difluoro silane and a fluoride-free varnish based on the composition
of Fluor Protector (both from Vivadent, Liechtenstein). The compo-
sition and pH of the demineralization solution were based on data
reported by Larsen and Nyvad [1999] for soft drinks. It consisted of
50 mM citric acid anhydrate, 0.4 mM CaCl2 W2 H2O, 0.4 mM
KH2PO4 and 1 mM NaN3. The pH of the solution was adjusted to 3.0
with 1 M NaOH. For the Ca analysis a 0.11 wt% LaCl3 solution was
prepared from La2O3 and 0.6 M HCl. All reagents were obtained
from Merck, Darmstadt, Germany. The enamel samples were remi-
neralized with the commercially available artificial saliva Saliva
Orthana® (Pharmachemie, Haarlem, The Netherlands), which ac-
cording to the manufacturer consists of 3.5% mucin, 2% xylitol,
0.02% CaCl2, 0.04% K2HPO4, preservatives and flavoring agents.
Sample Preparation
Fifteen bovine incisors were selected and enamel samples (3 !
3 mm) were prepared from the buccal surface of each tooth. Each
sample was embedded in acrylic resin and ground flat on a rotating
polishing machine (Phoenix Beta grinder/polisher, Buehler, Germa-
ny) under water cooling using Buehler SiC grinding paper (P1200).
The samples were subsequently polished on the machine with dia-
mond suspensions (6, 3, 1 and 0.1 Ìm) Buehler Metadi on a Buehler
polishing cloth. After each polishing step the samples were rinsed for
about 1 min under running tap water, sonicated for 5 min in water and
rinsed again under running tap water for one more minute. The prepa-
ration resulted in the removal of about 100 Ìm enamel from the sur-
face of the sample. The enamel surface area of each sample was mea-
sured using a stereomicroscope with a measuring grid. The samples
were randomly divided into seven groups of six samples each.
Fluoride Pretreatment
Each of the experimental groups was pretreated with one of the
topical fluoride agents as follows: TiF4 1%, TiF4 4%, Elmex fluid
(AmF 1%), Elmex medical (AmF 0.25%) and Fluor Protector
(FP). One group was pretreated with the fluoride-free varnish (FP-
blanco) – control for the group pretreated with FP – and another
group was not pretreated with any product (control). The TiF4 gels
were applied with cotton pellets by carefully dropwise alternately
touching and awaiting the absorption into the tooth during 4 min.
AmF 1% was applied with a cotton pellet and AmF 0.25% was
applied with a microbrush, both for 4 min. FP and the FP-blanco
were applied in a thin layer using a microbrush and air-dried. All
groups were stored overnight in artificial saliva.
Erosive Demineralization
In order to mimic the conditions in the mouth during the con-
sumption of erosive beverages, dental erosion was modelled by sub-
mitting the enamel samples to alternate cycles of demineralization
within the demineralization solution under gentle agitation, and
remineralization in artificial saliva. One complete cycle consisted
of the following steps: (1) 4 min in 1 ml demineralization solution;
(2) rinse with 4.4 ml distilled water; (3) 4 min in 1 ml demineraliza-
tion solution; (4) rinse with 4.4 ml distilled water; (5) 4 min in 1 ml
demineralization solution; (6) rinse with 4.4 ml distilled water;
(7) remineralization in artificial saliva for 7 days. All groups were
submitted to 6 cycles resulting in a total erosion time of 72 min.
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Fig. 1. Schematic drawing of the measurements performed
with the CM. The grey area represents the acrylic resin (refer-
ence surface) and the white square the enamel surface. The pro-
file tracing corresponds to one of the line scans. On each profile
tracing two average lines were taken, one over the reference sur-
face (a) and another over the eroded enamel surface (b). The















The calcium loss following each acid exposure was determined by
atomic absorption spectroscopy (AAS; AS 90, Perkin Elmer Analyti-
cal Instruments, Shelton, Conn., USA) [ten Cate, 1979].
The analysis was carried out in test tubes containing the collected
demineralization solution (1 ml) combined with the distilled water
(4.4 ml) used to rinse the sample. 0.6 ml 0.11 wt% LaCl3 was added
to the test tubes and the content was vortex agitated. The LaCl3 solu-
tion was added to suppress phosphate interference with the calcium
determination. A calibration curve was obtained with 1, 2.5, 5 and
10 mg/l standard Ca solutions with the same La concentration as in
the solutions to be analyzed. The calcium loss from the enamel sam-
ples was determined by subtracting the calcium content of the demi-
neralization solution – blanco solutions were analyzed – before the
enamel exposure from the total calcium content of the solution. The
lesion depth was calculated from the calcium loss, using the average
calcium content per unit volume for bovine enamel and the exposed
enamel area [ten Cate, 1979; Dijkman, 1982].
White Light Confocal Microscopy
Erosion depths were quantified with a white light confocal micro-
scope (CM) from NanoFocus ÌSurf, Duisburg, Germany. The mea-
surements were done on two samples of every experimental group.
Baseline measurements were performed and after each demineraliza-
tion cycle the samples were again analyzed. A 10! microscope objec-
tive with a basic field of 1,400 ! 1,320 (Ìm ! Ìm) and a vertical
resolution of 50 nm was used. A scan was obtained from the left infe-
rior corner of the sample and surrounding acrylic resin (reference
surface). Using the equipment’s software package three line scans
were performed on each scan at intervals of 250 Ìm resulting in three
profile tracings. On each profile tracing two average lines were taken,
one over the reference surface and another over the eroded enamel
surface. The distance between the two lines was the erosion depth for
the respective profile tracing (fig. 1). The average of the erosion
depths calculated from each of the three profile tracings was assumed
to be the average erosion depth for the respective sample.
Statistical Analysis
Repeated measures analysis of variance with SPSS 11 for Win-
dows 2000 with the General Linear Model (GLM) was used to ana-
lyze the data. The data were checked for normal distribution (QQ
plots) and Levene’s statistic was used to test the null hypothesis of
equality of variance across groups. Multiple comparisons were per-
formed with the Bonferroni procedure and the Dunnett t test (two-
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Fig. 2. Cumulative calcium loss and calcu-
lated erosion depth obtained by AAS.
sided). Regression analysis was used to evaluate erosion rates ob-
tained with AAS and to compare the results obtained with AAS and
CM. Since only two samples per group were analyzed with CM, the
regression analysis included the results of the groups pretreated with
TiF4, AmF and control. The significance level for all tests was set at
0.05.
Results
In figure 2 the cumulative calcium loss and erosion
depths calculated from it are plotted against erosion time.
For all groups depth and time were linearly related, with
the r2 for the group pretreated with the fluoride varnish
(0.950) slightly lower than those of the other groups (r2
between 0.993 and 0.998). The fluoride varnish group
showed a markedly lower erosion rate (slope 0.210) in
comparison with the other fluoride-treated groups (slopes
between 0.528 and 0.570). The group treated with the
fluoride-free varnish showed the highest erosion rate
(slope 0.921), followed by the control group (slope 0.590).
The latter showed slightly higher erosion depths than the
fluoride-treated groups. The cumulative erosion depth (in
Ìm) after 72 min was: TiF4 gel 1% 8.29 B 0.39, TiF4 gel
4% 8.27 B 0.55, AmF 1% 8.69 B 0.66, AmF 0.25%
8.86 B 0.33, FP 3.43 B 1.07, FP-blanco 14.86 B 1.59
and control 9.77 B 0.49. Multiple comparisons using
both the Bonferroni procedure and the Dunnett t test
yielded a statistically significant difference (p ^ 0.001)
for both the group pretreated with FP and FP-blanco.
Figure 3 shows the mean calcium loss and erosion
depths obtained with AAS at each acid exposure for the
different groups. An oscillation of the depth values with
time between each erosion cycle was observed for all
groups with distinctly higher erosion depths observed at
the first erosive challenge of each cycle (fig. 3a). The mul-
tivariate tests showed a significant interaction (p ^
0.001) between the groups and the erosion time (cycles). A
trend analysis of the erosion time showed that the interac-
tion was particularly significant for the first (p = 0.001)
and last (p = 0.002) cycles. Some degree of oscillation was
still observed when the results were plotted without the
first erosive challenge of each cycle (fig. 3b).
In figure 4 the cumulative erosion depths obtained
with the CM are plotted against the time. Once again the
erosion depths increased linearly with time, except for the
fluoride varnish group that did not show any increase in
material loss from the surface. The group pretreated with
the fluoride-free varnish showed markedly less material
loss from the surface than the groups pretreated with TiF4
and AmF.
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Fig. 3. Mean calcium loss and erosion depth
obtained by AAS (a) at each acid exposure
(b) without the first acid exposure of each
erosion cycle. a The vertical dashed lines
indicate the first acid exposure of each cy-
cle.
In figure 5 the erosion depths obtained with the CM for
the two samples of the control group and the groups pre-
treated with TiF4 and AmF are plotted against the ones
obtained with AAS for the same samples. The methods
were highly linearly correlated (r2 = 0.946); however, the
results obtained with confocal microscopy were signifi-
cantly higher than those obtained with AAS (slope 6.215,
p ^ 0.001). Regression analysis yielded a Y-intercept of
–1.043, which was not statistically different from zero
(p = 0.091).
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Fig. 4. Cumulative erosion depth obtained
by confocal microscopy (n = 2 per group).
Fig. 5. Correlation between the values of cumulative erosion depth
determined by CM and AAS, obtained for two samples of the control
group and the groups pretreated with TiF4 and AmF. The line indi-
cates the least-squares regression (slope = 6.215, Y-intercept =
–1.043, r2 = 0.946).
Discussion
The methodology used in this in vitro study intended
to reproduce, within the limitations of an in vitro study,
the conditions in the mouth during the consumption of
erosive beverages. The use of bovine incisors was found to
be more convenient due to the larger availability, larger
surface area and flatness of the labial surface of the speci-
mens when compared to human enamel. Although bovine
enamel has been widely used in dental research as a model
for human enamel, morphological differences such as
higher porosity [Featherstone and Mellberg, 1981] exist
when compared to human enamel, which result in higher
rates of lesion formation. This must be taken into account
when interpreting the results. Some authors prefer long
erosive periods [Jaeggi and Lussi, 1999; Ganss et al.,
2000]. In the present study successive short contact peri-
ods with the erosive agent, under gentle agitation, were
used in order to mimic the sipping of a beverage. Between
the erosion cycles the samples were remineralized in arti-
ficial saliva. Artificial saliva has been previously used for
this purpose and its efficacy has been proved [Attin et al.,
2000]. Although the authors would have preferred shorter
remineralization periods, a period of 1 week was chosen
Effect of Fluoride Applications on Enamel
Erosion
Caries Res 2005;39:371–379 377
due to operator logistics. One might suspect that under
these conditions a more complete rehardening of the sof-
tened enamel layer has taken place. This may have had
some influence on the higher calcium loss observed at the
first acid exposure of each erosion cycle (see fig. 3a),
though van Rijkom et al. [2003] also observed this phe-
nomenon using much shorter remineralization periods.
Therefore, it can be assumed that the effect of 1-week
remineralization is in principle of minor importance.
It is well known that dental erosion is influenced by
several factors, such as pH, the acid used, concentration,
temperature, remineralization period and exposure time
among several others [Attin et al., 2000; West et al., 2000].
West et al. [2000] found a 3-fold increase in enamel loss
over the temperature range of 5–60°C. In figure 3b an
oscillation of the erosion depths was observed between
each erosion cycle. Since almost all variables except the
room temperature were controlled, and approximately
the same effect was observed for all experimental groups,
the temperature may have played a role in the oscillation
of the depth values. However, the oscillation was greater
than would be expected from a variation of B2°C as is
reasonable in the lab.
Although all fluoride-treated groups showed lower ero-
sion rates than the control groups, a statistically signifi-
cant protective effect was only found for the group pre-
treated with fluoride varnish. This is not in agreement
with van Rijkom et al. [2003], who reported for equiva-
lent experimental conditions statistically significant dif-
ferences between an experimental group pretreated with a
4% TiF4 aqueous solution and a control group with no
fluoride pretreatment. In order to prevent additional
enamel loss with the application of the extremely acidic
TiF4 solutions (pH 1.5), in this study TiF4 gels were used
instead of an aqueous solution. Since the efficacy of the
gels relative to the aqueous solutions was previously eval-
uated in a pilot study, where bovine enamel samples pre-
treated with 1% TiF4 gel and solution showed comparable
Ca loss after three erosion/remineralization cycles with a
total of 30 min erosion, the differences found between the
results of these two studies may be partly due to different
application methods or differences between the statistics
used. If we compare the estimated lesion depth for the 4%
TiF4 groups in the present study with those obtained by
van Rijkom et al. [2003] after 28 min, the actual differ-
ence is small (2.7 vs. 2.9 Ìm) supporting the latter expla-
nation.
Arends and Schuthof [1975] reported considerably
higher amounts of fluoride permanently bound to dental
enamel – up to a depth of 50 Ìm – after the application of
fluoride varnish than those yielded with APF, AmF or
NH4F. They explained this by the longer effective time
available for fluoride to react with hydroxyapatite in
enamel provided by the varnish. Moreover, the varnish
serves also as a fluoride reservoir since the silane fluoride
is not only a source of fluoride ions but also reacts with
water producing HF. This may explain the lower calcium
loss for the group pretreated with fluoride varnish in
the present experiments. Hunter et al. [2000] reported a
linear pattern for enamel erosion with increasing etching
time. In the present study a linear pattern was also found
for all experimental groups, though the r2 for the group
pretreated with fluoride varnish was slightly lower than
those of the other groups. In fact, the FP group showed
several plateaus between the consecutive erosion cycles.
This phenomenon is probably associated with the me-
chanical protection from the varnish, which prevents a
more progressive calcium loss as was observed for the oth-
er fluoride products.
Confocal microscopy also revealed a linear pattern for
the erosion depths with time except for the experimental
group treated with FP. This group did not show any mate-
rial loss from the surface through the erosion challenges.
Since the varnish layer is not homogeneous, there may
have been some places where the protective effect against
the acid was diminished and calcium ions were still able
to diffuse to the erosive medium. This would explain the
calcium loss observed by AAS. This may also be a good
explanation for the extremely high calcium loss observed
for the group pretreated with the fluoride-free varnish.
Presuming the varnish becomes porous after some ero-
sion challenges, it would act as a reservoir for erosive
medium underneath until the next remineralization peri-
od. This would provide longer contact periods between
the medium and the enamel surfaces which, in the
absence of fluoride, would result in a higher calcium loss
than in the control samples or samples pretreated with
other fluorides, where the medium can easily be washed
away. With confocal microscopy the group pretreated
with fluoride-free varnish showed less material loss from
the surface than the control group and the groups pre-
treated with fluoride, with the exception of fluoride var-
nish. This emphasizes the mechanical protective effect of
the varnish. The fact that some material loss was detected
with the FP-blanco is possibly related to a slightly differ-
ent composition of the varnish: the solvent used is not the
same. This makes the fluoride-free varnish a less suitable
control for the effect of the varnish.
The erosion depths obtained by confocal microscopy
were significantly higher than those obtained by AAS.
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One possible explanation for this discrepancy may be
found in the differences between the principles by which
both methods operate. With the AAS technique the cal-
cium loss at each erosion challenge was measured, and the
thickness of the etched layers was estimated according to
the method reported by ten Cate [1979] and Dijkman
[1982]. With the CM the reference and etched surfaces
were scanned and the height difference was actually mea-
sured. A limitation of this technique was the relative small
basic field used, which did not allow for the screening of
the whole sample surface. In figure 1 an increase of height
of the enamel surface towards the center of the sample is
observed. Thus the measurements made on the periphery
of the samples may have caused an overestimation of the
erosion depths. Another possible explanation for the dis-
similarity between the results obtained by both methods
is the collapse of the softened layer created during the ero-
sion challenges. Eisenburger et al. [2004] found in an SEM
study a very delicate surface of softened enamel left after
an erosion challenge of 2 h in 0.3% citric acid (pH 3.2).
The acid damage extended to a depth of 9–12 Ìm be-
low the surface. The layer was according to the authors
extremely vulnerable to mechanical forces and drying led
to its collapse. As in the present study the surface of the
samples was wet but not immersed in water during the
measurements with the CM, collapse of the softened layer
may have taken place. This would result in higher erosion
depths measured with the system. Furthermore, the accu-
racy of the CM in scanning the eroded enamel surface was
evaluated in a pilot study where erosion depths of samples
before and after Au-Pd (13-nm-thick layer) sputtering
were compared. A difference of approximately 3 Ìm was
found with smaller erosion depths after sputtering, indi-
cating the possibility of some light penetration through
the samples and consequently overestimation of the ero-
sion depths. However, this cannot by itself explain the dif-
ferences found. The Y-intercept of the least-squares re-
gression between the erosion depths obtained by CM and
the ones estimated from AAS (fig. 5) did not significantly
differ from zero. This indicated that CM-measurable
depth apparently did not proceed through the softened
layer. The varnish-treated groups were not included in the
analysis since their results were statistically different from
the other groups. The accuracy of the erosion depth esti-
mate from Ca loss (i.e. softening detection) can, however,
also be questioned and therefore contribute to the discrep-
ancies found between the two methods.
Within the limitations of an in vitro study it might be
concluded that topical applications of fluoride varnish
have a protective effect on the prevention of dental ero-
sion. The differences found between the results obtained
with AAS and white light confocal microscopy, for the
measurement of the erosion depths, suggest the need of
further research focusing on the investigation of tech-
niques better suited for the quantification of dental
erosion.
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